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Purpose: To investigate the inﬂuence of tropicamide 1% (as a cycloplegic mydriatic) and phenylephrine
10% (as a noncycloplegic mydriatic) on mydriasis, wavefront refraction, and wavefront aberrations.
Methods: In this prospective study, 31 myopic eyes with a large mesopic pupil size were evaluated with
an Allegretto Wave analyzer in a natural dilated state, after instillation of tropicamide 1% or phenyl-
ephrine 10%. Aberrations expressed as Zernike polynomials up to the sixth order were analyzed.
Wavefront refractions were compared with subjective manifest refraction.
Results: Both tropicamide and phenylephrine cause signiﬁcant mydriasis (p < 0.001), but phenylephrine
induced a larger pupil size than tropicamide under mesopic conditions (p ¼ 0.029). Compared with the
natural state, tropicamide induced a signiﬁcant hyperopic shift in wavefront refraction (by þ0.27  0.09
D; p ¼ 0.002). In contrast, wavefront refraction did not signiﬁcantly change when using phenylephrine as
the mydriatic (þ0.03  0.10 D; p ¼ 0.75). Compared with the subjective manifest refraction, wavefront
refraction before mydriatics and after phenylephrine showed a signiﬁcant myopic shift (p < 0.0125),
whereas the wavefront refraction after tropicamide was not signiﬁcantly different from subjective
refraction. Zernike coefﬁcient C4 showed a less positive defocus after application of tropicamide
(p ¼ 0.0017). Other aberration coefﬁcients of Zernike polynomials up to the sixth order did not change
signiﬁcantly from before to after tropicamide application. There was no signiﬁcant difference in Zernike
coefﬁcients up to C27 before and after phenylephrine.
Conclusion: Phenylephrine preserves accommodation and provides a larger pupil under mesopic con-
ditions, whereas tropicamide relaxes accommodation and provides an objective wavefront refraction
that is closer to the subjective manifest refraction. Neither phenylephrine nor tropicamide causes a
signiﬁcant change in high-order aberrations from the natural state.
Copyright  2013, The Ophthalmologic Society of Taiwan. Published by Elsevier Taiwan LLC. All rights
reserved.1. Introduction
Light propagates like waves, and the advancing tips of all the
light rays are referred to as the wavefront. Based on the Fermat
principle, in an ideal optical system, all light rays emitted from a
point on the retina would emerge in parallel, and the wavefront
would form a ﬂat plane providing a crisp image. However, due to
imperfections in the entire lensecornea optical system in real eyes,
the wavefront plane is distorted and results in blurred images.lmology, Buddhist Tzu Chi
ualien, Taiwan.
e).
e Ophthalmologic Society of TaiwWavefront aberration is the deviation between the actual wave-
front plane and the ideal reference plane.1
Spectacles and conventional refractive surgery can correct only
low-order aberrations, including spherical and cylindrical refrac-
tive errors. To achieve a better quality of vision, the elimination of
high-order aberrations became possible in recent decades with
advancements in wavefront technology.1,2 Compared with con-
ventional laser vision corrections, customized excimer laser treat-
ments may decrease high-order aberrations and provide better
vision, particularly in mesopic conditions. However, the correction
of high-order aberrations relies on an accurate measurement of
wavefront aberration, while the precision of wavefront measure-
ment depends on the size of the pupil and the number of detected
retinal spots.1,3an. Published by Elsevier Taiwan LLC. All rights reserved.
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front sensing.4 It is common to dilate the pupil with a topical
application of either a sympathomimetic agent (phenylephrine) or
an anticholinergic agent (tropicamide or cyclopentolate). Phenyl-
ephrine has the advantage of providing a slightly shorter duration
of mydriasis and leaving accommodation relatively unaffected,
while tropicamide has a longer mydriatic action and can reduce
accommodation. The status of accommodation may inﬂuence
optical aberrations,5e8 and aberrations have been reported to in-
crease as pupil dilation.1,9 On one hand, noncycloplegic mydriatics
preserve natural accommodation, yielding wavefront aberration
values close to those of the natural resting state of the eye.10 On the
other hand, younger individuals frequently present with stronger
accommodation, and cycloplegic refraction is required for approx-
imation to their real refractive status.11 The purpose of this study
was to investigate the inﬂuence of tropicamide (as a cycloplegic
mydriatic) and phenylephrine (as a noncycloplegic mydriatic) on
refraction and aberrations.2. Methods
This research followed the principles outlined in the Declaration
of Helsinki, and was approved by the Buddhist Tzu Chi General
Hospital research ethics committee. Informed consent was ob-
tained from each subject. Individuals with large mesopic pupils
(diameter 6.5 mm) were enrolled. Subjects were excluded if they
had any other ocular disease or previous ocular surgery that would
affect refractive status.
A baseline manifest refraction was determined by fogging, a
duochrome test, and an astigmatism dial with trial lenses.
Tropicamide (Mydriacyl 1% ophthalmic solution) or phenylephrine
(Neo-Synephrine hydrochloride 10% ophthalmic solution) were
used at two separate visits 2 weeks apart. Either tropicamide or
phenylephrine was used randomly at the ﬁrst visit, and then the
other drug at the second visit. During each visit, a subjective
manifest refraction and three wavefront measurements were per-
formed using the Allegretto Wave analyzer (WaveLight Laser
Technologies AG, Erlangen, Germany) before application of the
mydriatic. Pupil size was measured using the built-in infrared
camera of the Allegretto Wave analyzer, with ambient illumination
only from the monitor facing the patient in a dark room. Accom-
modation target fogging was turned off. Two doses of mydriatic
(either tropicamide or phenylephrine) were then applied. Twenty
minutes after the second dose of mydriatic, when the photopic
pupil sizes were no less than 7mm, three wavefront measurements
were repeated and averaged. An optic zone of 6 mmwas chosen for
all Zernike polynomial analysis.
Zernike coefﬁcients from low-order aberrations to sixth high-
order aberrations (C1eC27) and wavefront refractions before and
after the two mydriatics were recorded. While the average of the
two subjective manifest refraction examinations was deemed as
the true refraction status of the patient, the average of the threeTable 1
Effect of tropicamide and phenylephrine on mesopic pupil diameter and wavefront refra
Pre-tropicamide
Pupil diameter (mm) 6.91  0.12
Wavefront refraction, spherical equivalent (D) 6.55  0.37
p for wavefront refraction compared with subjective
manifest refraction (5.89  0.42 D)
<0.001*
Data were expressed as means  standard error of the mean.
The generalized estimating equations method was used to compare the wavefront refrac
level was divided by 4 (the number of comparisons) using Bonferroni adjustment. There
*Statistically signiﬁcant.wavefront measurements was used to represent the pre- or post-
mydriatic wavefront status.
2.1. Statistical analysis
Data were expressed as means  standard errors of the mean.
The generalized estimating equations method12,13 was used to
compare the Zernike coefﬁcients and wavefront refraction (spher-
ical equivalent) pre- and post-phenylephrine, and pre- and
post-tropicamide, the subjective manifest refraction and wavefront
refractions (pre- and post-phenylephrine, and pre- and post-
tropicamide). A value of p 0.05 or less was considered statistically
signiﬁcant. However, because of the large number of comparisons
(27 for Zernike coefﬁcients and 4 for wavefront refractions), Bon-
ferroni adjustment was used to lower the chance of a statistically
signiﬁcant difference based on chance alone. The signiﬁcant level
was divided by the number of comparisons (27 for Zernike co-
efﬁcients comparisons and 4 for wavefront refractions compari-
sons) using Bonferroni adjustment. Therefore, p had to be <0.0019
to be considered statistically signiﬁcant for Zernike coefﬁcients
comparisons, and <0.0125 to be considered statistically signiﬁcant
for wavefront refractions comparisons. Stata 8.0 software (Stata-
Corp LP, College Station, TX, USA) was used for statistical analysis.
3. Results
Thirty-one eyes of 17 myopic patients with a mesopic pupil size
6.5 mmwere studied. The patients’ mean age was 29.1  1.3 years
(range 16e47 years). The distribution of subjective manifest refrac-
tionwas as follows: spherical ametropia,5.89 0.42 D (range2.5
D to 8.5 D); astigmatism,0.47  0.08 D (range þ0.25 to1.25 D);
and spherical equivalent of manifest refraction, 6.14  0.42 D.
3.1. Effect of tropicamide and phenylephrine on pupil size
Mesopic pupil size was 6.91  0.12 mm before tropicamide and
7.85  0.07 mm after tropicamide, and 6.89  0.11 mm before
phenylephrine and 8.08  0.11 mm after phenylephrine (Table 1).
There was no signiﬁcant difference in pupil size before tropicamide
and before phenylephrine. Both tropicamide and phenylephrine
caused signiﬁcant mydriasis (p ¼ 0.001), but phenylephrine
induced a larger pupil size than tropicamide (p ¼ 0.029).
3.2. Effect of tropicamide and phenylephrine on wavefront
refraction
Compared with the natural state, tropicamide induced a sig-
niﬁcant hyperopic shift of wavefront refraction by þ0.27  0.09 D
(p ¼ 0.002). In contrast, wavefront refraction did not signiﬁcantly
change when using phenylephrine as the mydriatic (þ0.03  0.10
D; p ¼ 0.75). Compared with subjective manifest refraction,
wavefront refraction before mydriatics and after phenylephrinection.
Post-tropicamide Pre-phenylephrine Post-phenylephrine
7.85  0.07 6.89  0.11 8.08  0.11
6.28  0.40 6.45  0.41 6.42  0.42
0.043 <0.001* 0.008*
tions (pre- and post-mydriatics) and subjective manifest refraction. The signiﬁcant
fore, p had to be <0.0125 to be considered statistically signiﬁcant.
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refraction after tropicamide was not signiﬁcantly different from
subjective refraction (Table 1).
3.3. Effect of tropicamide and phenylephrine on wavefront
aberrations (Zernike terms up to the sixth order)
Zernike coefﬁcient C4 showed a less positive defocus after
application of tropicamide (p ¼ 0.0017). Other aberration co-
efﬁcients of Zernike polynomials up to the sixth order did not
change signiﬁcantly before and after application of tropicamide
(Table 2). There was no signiﬁcant difference in Zernike coefﬁcients
up to C27 between pre-phenylephrine and post-phenylephrine
measurements (Table 3).
4. Discussion
Phenylephrine is a sympathomimetic agent, while tropicamide
is an anticholinergic agent. Tropicamide has been reported to
produce more mydriasis under ambient photopic illumination, and
it has been suggested that it should be used in examinations (such
as indirect ophthalmoscopy) or intraocular operations.14,15 How-
ever, a low-mesopic or even scotopic environment is needed to
carry out aberrometry. Our study showed that phenylephrine
produced more mydriasis than tropicamide under mesopic condi-
tions. The explanation might be as follows: under photopic condi-
tion, it is the light reﬂex and activation of the parasympathetic
nerve that constricts the pupil by stimulating the sphincter. Tro-
picamide, as an anticholinergic, blocks the miosis and hence results
in a larger pupil in photopic condition. Under mesopic or scotopic
conditions, there is much less or even no light to activate the
parasympathetic nerves and therefore lessen the effect of tropica-
mide. Phenylephrine, as a sympathomimetic, stimulates dilator
activity directly and produces a larger pupil in mesopic condition.Table 2
The effect of tropicamide on wavefront measurements (Zernike coefﬁcients).
Zernike coefﬁcient Pre-tropicamide Post-tro
C1 0.07694  0.06560 0.160
C2 0.03883  0.03477 0.054
C3 0.10082  0.03195 0.080
C4 4.90979  0.27759 4.730
C5 0.32043  0.07532 0.363
C6 0.00738  0.02119 0.009
C7 0.04444  0.04008 0.086
C8 0.01954  0.01697 0.039
C9 0.01958  0.01348 0.002
C10 0.00520  0.00739 0.014
C11 0.00121  0.00683 0.007
C12 0.01989  0.01345 0.032
C13 0.00490  0.01759 0.006
C14 0.01247  0.01411 0.003
C15 0.01566  0.00646 0.012
C16 0.01044  0.00836 0.008
C17 0.01048  0.01148 0.004
C18 0.00679  0.00507 0.019
C19 0.00855  0.00573 0.013
C20 0.00538  0.00352 0.001
C21 0.02287  0.01552 0.001
C22 0.00405  0.00589 0.005
C23 0.00448  0.00575 0.001
C24 0.01224  0.00480 0.009
C25 0.00786  0.00550 0.010
C26 0.00337  0.00541 0.013
C27 0.00946  0.00367 0.002
Data were expressed as means  standard error of the mean.
The generalized estimating equations method was used to compare the Zernike coefﬁcien
of comparisons) using Bonferroni adjustment. Therefore, p had to be <0.0019 to be con
*Statistically signiﬁcant.Although phenylephrine causes greater pupil dilation than tro-
picamide under mesopic condition, accommodation is another
concern, as it may change optical aberrations.5e8 The changes in
aberration during accommodation are thought to be due to the
changes in shape and position of the crystalline lens.1,5 Due to the
dynamic nature of ocular optics, a static perfect correction, for
instance one produced by customized refractive surgery, would not
remain perfect for every condition occurring during normal
accommodation.16 Myopia, hyperopia, and regular astigmatism are
all low-order (second-order) aberrations of wavefront analysis.
Myopia leads to a positive defocus, and hyperopia produces a
negative defocus. Accommodation leads to a higher positive defo-
cus or less negative defocus.17 While there is general agreement on
the effect of accommodation on low-order aberrations, its inﬂuence
on total high-order aberrations varies considerably among studies.
López-Gil et al6 and He et al8 found an increase in high-order
aberrations during accommodation. Some studies suggest that
accommodation induces a signiﬁcant negative shift in spherical
aberrations and a change of coma aberrations in a variant direc-
tion.5,8 Cheng et al5 and Ninomiya et al7 reported that the root
mean square values of total high-order aberrations did not change
with three-dimensional accommodation. Kim et al18 described no
difference in high-order aberration from before to after application
of tropicamide and cyclopentolate. Our study also showed no sig-
niﬁcant differences in high-order aberrations up to the sixth order
before mydriatics, after phenylephrine, and after tropicamide. The
exact effects of accommodation on high-order aberrations need
further study to clarify them.
There has been some debate over the effect of mydriatics on
measuring aberrations. Debate exists not only over whether or not
amydriatic should be used, but also over whichmydriatic should be
used. Awwad et al19 suggested that a pupil diameter at least 0.5mm
larger than the desired optic zone is important, and reported that
dilation andmild cycloplegia did not clinically affect the magnitudepicamide Difference p
49  0.07360 0.08392  0.06008 0.1625
77  0.03491 0.01614  0.01908 0.3976
55  0.03506 0.02255  0.01777 0.2044
77  0.29863 0.18436  0.05881 0.0017*
69  0.06973 0.04344  0.04394 0.3228
76  0.03072 0.00196  0.01963 0.9205
80  0.04515 0.04363  0.02247 0.0522
27  0.01811 0.02185  0.01032 0.0342
14  0.02378 0.02154  0.01927 0.2637
85  0.01305 0.00831  0.00831 0.3173
77  0.00828 0.00852  0.00563 0.1302
59  0.01204 0.01303  0.00861 0.1302
53  0.01499 0.00095  0.00695 0.8913
07  0.01773 0.01377  0.01305 0.2913
87  0.00787 0.00388  0.00931 0.6769
21  0.00675 0.00277  0.00607 0.6481
30  0.01066 0.00543  0.01164 0.6409
20  0.00783 0.01098  0.00813 0.1768
53  0.00490 0.00489  0.00656 0.4560
57  0.00673 0.00740  0.00678 0.2751
89  0.00559 0.02075  0.01478 0.1603
65  0.00520 0.00166  0.00581 0.7751
86  0.00683 0.00219  0.00588 0.7096
61  0.00614 0.00257  0.00620 0.6785
72  0.00863 0.00366  0.01005 0.7157
08  0.00613 0.00879  0.00629 0.1623
95  0.00310 0.00597  0.00497 0.2297
ts before and after tropicamide. The signiﬁcant level was divided by 27 (the number
sidered statistically signiﬁcant.
Table 3
The effect of phenylephrine on wavefront measurements (Zernike coefﬁcients).
Zernike coefﬁcient Pre-phenylephrine Post-phenylephrine Difference p
C1 0.08164  0.05435 0.07644  0.07367 0.00906  0.03991 0.8204
C2 0.06652  0.04968 0.01335  0.03663 0.05827  0.04532 0.1985
C3 0.08581  0.03101 0.05911  0.04431 0.02644  0.03596 0.4622
C4 4.83734  0.30666 4.81571  0.31491 0.02334  0.07323 0.7499
C5 0.26183  0.06505 0.37173  0.06926 0.09317  0.04766 0.0506
C6 0.00606  0.0209 0.05228  0.04735 0.04310  0.04774 0.3666
C7 0.03824  0.03788 0.07703  0.04793 0.03848  0.01679 0.0219
C8 0.01142  0.02190 0.01143  0.01824 0.00011  0.01981 0.9956
C9 0.03359  0.01386 0.01499  0.02893 0.01807  0.03140 0.5650
C10 0.00270  0.00914 0.02349  0.02292 0.02080  0.02514 0.4080
C11 0.00534  0.00845 0.00010  0.00695 0.00531  0.00912 0.5604
C12 0.00871  0.01774 0.01743  0.01781 0.01026  0.01346 0.4459
C13 0.00214  0.01449 0.02996  0.01929 0.02681  0.01606 0.0950
C14 0.02628  0.01320 0.00503  0.02566 0.03078  0.02751 0.2632
C15 0.00562  0.01044 0.03564  0.02201 0.02987  0.02061 0.1473
C16 0.01594  0.00942 0.02635  0.02773 0.03974  0.03065 0.1948
C17 0.01447  0.01118 0.00969  0.00856 0.00332  0.01091 0.7609
C18 0.01245  0.00741 0.00445  0.00874 0.00659  0.01354 0.6265
C19 0.00560  0.00657 0.01439  0.00949 0.00781  0.00875 0.3721
C20 0.01195  0.00655 0.01372  0.01509 0.02482  0.01905 0.1926
C21 0.01694  0.00788 0.01279  0.01334 0.00241  0.01978 0.9030
C22 0.00205  0.00668 0.00049  0.00860 0.00131  0.01245 0.9162
C23 0.00114  0.00515 0.00222  0.00387 0.00249  0.00593 0.6746
C24 0.00980  0.00472 0.00541  0.00511 0.00308  0.00348 0.3761
C25 0.00628  0.00633 0.01576  0.01006 0.00988  0.00925 0.2855
C26 0.00777  0.00615 0.00107  0.00686 0.00841  0.00760 0.2685
C27 0.01427  0.00713 0.00813  0.00767 0.00504  0.01111 0.6501
Data were expressed as means  standard error of the mean.
The generalized estimating equations method was used to compare the Zernike coefﬁcients before and after phenylephrine. The signiﬁcant level was divided by 27 (the
number of comparisons) using Bonferroni adjustment Therefore, p had to be <0.0019 to be considered statistically signiﬁcant.
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mended obtaining measurements under natural conditions rather
than using mydriatics because of concerns of a shift in the pupil
center and refractive surprise caused by pharmacologic pupil
dilation.20e22 Jurkutat et al 23 suggested phenylephrine as the ﬁrst
choice because of its lower inﬂuence on the wavefront, while
Jankov et al10 recommended use of tropicamide to ensure relaxed
accommodation.
In our present study, there was no signiﬁcant difference in high-
order aberrations between the natural state and the use of phen-
ylephrine or tropicamide. Objective wavefront refraction in the
natural state or under phenylephrine showed a signiﬁcant myopic
shift from subjective manifest refraction, while wavefront mea-
surement under tropicamide had a less positive defocus and
therefore a smaller myopic shift of wavefront refraction, which
was not signiﬁcantly different from manifest refraction. Therefore,
we suggested that tropicamide might be used for wavefront
measurements.
Some studies have shown that the myopic error measured by
aberrometry is less than subjective manifest refraction or auto-
mated refraction, and have recommended aberrometry measure-
ments under mesopic conditions without applying mydriatics to
minimize refractive surprise.22,24 However, other studies,10
including ours, have demonstrated a substantial myopic shift in
aberrometry compared to subjective manifest refraction, and have
suggested that tropicamide may be used to yield "manifest" aber-
ration values close to the natural resting state. The reason for the
disparity is still unknown. However, on reviewing these studies, we
found that those studies with a lower myopic error in wavefront
refraction used HartmanneShack sensors for aberration measure-
ment. Conversely, the studies, including ours, that used a
Tscherning aberroscope for aberration measurement showed more
myopic error in wavefront refraction than subjective manifest
refraction. The mydriatic of choice might vary with different
aberrometers.The dilemma concerning the acquisition and interpretation of
wavefront aberrations still exists. Large pupils are necessary for
wavefront measurements to correctly detect high-order aberra-
tions. On one hand, phenylephrine preserves accommodation and
provides a larger pupil under mesopic condition. On the other
hand, tropicamide relaxes accommodation and provides objective
wavefront refraction, which is closer to the subjective manifest
refraction. Precise interpretation of wavefront aberrations requires
a further understanding of the disparities, pros, and cons of
different aberrometers and different mydriatics.
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